Numerical modeling and anMysis are used to investigate the processes leading to the eruption of mantle-derived magma at mid-ocean ridges. Our model includes the following effects: melting due to decompression, magma migration by percolation, and circulation of the mantle driven by both the oceanic plates and the distribution of buoyancy beneath the ridge. The distribution of buoyancy is due to both the low density of the liquid and the difference in the density of the residual solids relative to unmelted mantle material. The calculation of densities is based on a simple petrological model in which garnet-spinel lherzolite melts to form a basaltic liquid and a harzburgite residue. We find that the system spontaneously evolves to a state in which a rapid upwelling beneath the ridge axis, faster than the plate velocity, is confined laterally by stably stratified residual material beneath the newly formed plates. This effect is exaggerated if a modest decrease in the shear viscosity of the solid upon melting is included. Our results provide a simple explanation for the narrowness of the zone of crustal formation at mid-ocean ridges. The model also predicts a transition from steady state to episodic crustal formation as the spreading velocity is reduced, perhaps giving rise to along-axis variations in the character of seafloor spreading. The narrow, rapid upwelling gives rise to substantial porosities at depths that are a large fraction of the depth to the solidus. This may allow the liquid at depth to segregate into macroscopic channels, which would account for the consensus from experimental petrology that the liquids parental to MORB are derived from well below the base of the crust.
INTRODUCTION

Mid-Ocean Ridges
The spreading of the oceanic plates and the formation of new oceanic crust at mid-ocean ridges are essential features of plate tectonics [Vine, 1966] . A range of observations have improved our understanding of the structures and processes at these plate boundaries. The list of examples we
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There remains some debate as to the nature of the seismically defined oceanic crust. The interpretation upon which we have based our model is that the crust represents igneous rocks that have solidified from mantle-derived liquids at or near the mid-ocean ridge. Alternatively, the base of the crust may represent a hydration boundary, with rocks above having experienced alteration due to hydrothermal circulation near the ridge, and rocks below remaining unaltered [Lewis, 1983] .
The concept of melt segregation by a percolation mechanism, which is a central feature of the model presented here, was initially discussed by Sleep [1974] , and developed by Turcotte and Ahern [1978] . The work presented in this paper arises from more recent advances in the fluid dynamics of magma generation and magma migration by percolation [McKenzie, 1984; Scott and Stevenson, 1986] . A central idea behind these advances has been that the liquid phase in partially molten ultramafic rocks is interconnected even when the amount of liquid present is small [Cooper and Kohlstedt, 1986; Vaughan et al., 1982] . As a result, the buoyancy of the liquid should cause it to migrate upward relative to the solid with ease. When considering the processes of melting, magma migration, and crustal formation at mid-ocean ridges tribe, 1985; McKenzie, 1985a, b], the general conclusion is that the porosity in a partially molten upwelling beneath the ridge will remain small because the liquid is extracted very efficiently. However, simple percolation models fail to explain some of the basic observations of mid-ocean ridges described above. In particular, the models do not account for the narrowness of the zone of crustal formation or the depth from which primary melts are delivered.
Our approach to understanding and relating the observations of mid-ocean ridges, and to assessing models of the formation of oceanic crust, is to construct a quantitative, selfconsistent fluid dynamical model of the unobserved processes taking place in the mantle beneath mid-ocean ridges. By modeling these processes, we can also hope to increase our understanding of the structure and dynamics of the underlying mantle.
Motivation for the Model
We now focus on the observation that the formation of crust at mid-ocean ridges occurs in a narrow zone, which presents a genuine geedynamical problem. Consider the simple model illustrated in Figure 1 . We know that the oceanic plates spread apart at velocity Vs -several cm yr -•.
A thickness zc -6 km of crust is formed close to the divergent plate boundary ("crust" hereafter refers to the combi- The possibility that focussing is caused by anisotropic permeability has also been considered. Phipps Morgan [1987] suggests that the finite strain of mantle material in the upwelling beneath a ridge creates an anisotropic fabric that focusses melt into the ridge axis. D. J. Stevenson and D. R. Scott (unpublished manuscript, 1987) , taking an alternate view, suggest that the distribution of liquid in a partially molten rock may be controlled by deviatoric stresses. In this case, defocussing of liquid appears to occur beneath the ridge axis. Not enough is known about the physical properties of partial melts to invite confidence in these models. Narrow, rapid upwelling. Since the initial assumption leads to difficulties, let us assume instead that the narrow zone of igneous activity at the ridge reflects an equally narrow upwelling. Consider an upwelling with a width similar to the thickness of the crust, i.e., x•--• zc. Equation (1) then implies that V• >> V•, i.e., the upwelling must be rapid relative to the spreading velocity.
Since the spreading of the plates alone is unlikely to lead to such a pattern of flow, even allowing for a reduction in viscosity beneath the ridge, we conclude that there must be some additional force driving circulation in the mantle beneath ridges. The most obvious choice for such a driving force is the buoyancy of the magma in the partially molten In this paper we conduct such an investigation, and conelude that it is quite possible for a steady state upwelling of the type described above to exist beneath mid-ocean ridges.
In section 2 we define the model more precisely. section 3 describes a series of numerical experiments on the model system, the results of which are analyzed in section 4 and the appendices. Section 5 contains our discussion and conclusions.
MODEL
The model we present is based on the following succession of events.
1. Surface oceanic plates spread apart, driven by forces that are not discussed further.
The mantle beneath the spreading center is drawn up by the motion of the plates. 2. The rising mantle material decompresses adiabatically and, when it reaches its solidus, begins to melt. Melting continues as the material continues to rise. The buoyancy of both the liquid and the residual solid relative to unmelted mantle modifies the plate-driven circulation.
3. The partially molten region, above the level at which the rising material first crosses its solidus, is permeable to the movement of the buoyant liquid relative to the crystalline matrix. Liquid that migrates in this way, and reaches the surface, segregates from the matrix to form the oceanic crust. As long as the surface plates continue to spread, a steady state can persist in which the melting beneath the ridge supplies the magma that forms the oceanic crust.
As usual, the assumptions to be made in setting up a quantitative model of this relatively complex system can be roughly divided into two categories: (1) assessing which physical processes are and are not important, and providing a corresponding set of governing equations, and (2) specifying the response of the system to these processes through material properties. These assumptions are described in the following sections and are reexamined in section 5 in light of the results obtained in sections 3 and 4. We calculate the velocity field in a finite box with one corner at the ridge axis. The velocity field is twodimensional and symmetric about a vertical plane extending down from the ridge. It is driven by a constant velocity boundary condition at the free surface and buoyancy forces due to variations in density within the mantle. At the boundaries of the box that are distant from the ridge axis (the bottom and the outer side), we constrain the velocity field to be equal to the analytic solution for plate-driven flow. In effect, we assume that the effect of buoyancy forces is negligible in the mantle distant from the ridge axis.
Processes and Governing Equations
The velocity field V is divergence-free, i.e., it describes the flow of an incompressible fluid. Since the solid must compact to allow the liquid to escape (se• below), V is an approximation to the solid velocity field. Strictly, V is the divergenee-free "circulation" discussed by Scott {1988]:
V ----v •øt + f (v "q -v •øt). In an exact treatment, V would have some dependence on the bulk viscosity of the deformable solid matrix. We also adopt the Boussinesq approximation, i.e., the volume change associated with changes in density is neglected.
Temperature structure and melting. We simplify the thermodynamics of the melting phase change and heat transport in the system a great deal. First, we assume that the temperature and composition of the upwelling mantle before it melts are laterally uniform. All such material crosses its solidus at the same depth. Implicit here is the assumption that the subsolidus upwelling beneath ridges is "passive," i.e., not driven by body forces such as thermal buoyancy [Houseman, 1983] . This differs from an "active" model such as that of Turcotte and Oxburgh [1967] , in which the ridge overlies the upgoing limb of a convection cell. In their model, the melting starts at greater depth directly below the ridge than to either side. We believe that, below the cold thermal boundary layer defining the lithosphere and above the solidus, the most important thermodynamic process is the transfer of energy released by decompression to the latent heat of melting. A typical pressure-temperature path associated with this process is illustrated in Figure 2a . Assuming that there is no heat transport by conduction, the temperature depends only on the degree of melting of the rock, i.e., on the amount of latent heat that has been extracted. Therefore we do not calculate the temperature structure; implicitly the temperature lies on a wet adiabat when the rock is partially molten, and on a dry adiabat (assumed to be an isotherm) otherwise. We discuss the melting of mantle materials further below.
In the numerical models we neglect thermal conduction and other forms of heat transport. Thermal conduction is of course important close to the surface. For example, in solving (4), we have placed the velocity boundary condition at the surface, independent of the horizontal distance from the ridge, implicitly ignoring the thickening of the rigid surface plate by cooling. We assume that this approximation has little effect on the distributions of melting and flow The magnitude of the flux u, at the upper surface is equated to the rate of formation of oceanic crust. The details of the formation of the extrusive, intrusive, and cumulate layers are not addressed by this model. In the way that we have stated this model, the formation of crust should strictly be accompanied by subsidence of the upper boundary of the partially molten region away from the upper surface. We neglect this small correction in the solution of (4).
Material Properties
Petrological model and densities. We have adopted a simplified petrological model that emphasizes changes in density during solid state phase changes and the melting where Ap m-r =pm _ pr, and F0 is the degree of melting at which the density of the solid is reduced to p•, assumed to be 30%. Equation (6) applies when F < F0--30%.
Remembering that melting increases both f and F, note that the density always decreases when either f or F increases. Inserting the values for the densities given above, we obtain the following expression for Ap 1. An initial distribution of porosity f and solid composition F is specified. The distribution of buoyancy is calculated using (7).
2. The Stokes equation (4) is solved for V using a finite element technique.
Darcy's law (5) is used to calculate the flux u•.
4. The distributions of porosity and solid composition are changed slightly using the time derivatives calculated from (8) and (9). A finite difference scheme is used for these calculations.
The sequence is repeated until the time derivative of porosity is negligible everywhere.
We used the same technique to trace the time-dependent behavior shown in Figure 6 . The time-stepping scheme used in step 4 is explicit and uses streamline-upwind artificial diffusion to stabilise the advective terms in (8) and (9). We have performed a number of tests on this scheme to ensure that it is stable and sufficiently accurate to lend confidence in the models we present. These tests included the advection of simple shapes by various velocity fields, and varying the amount of artificial diffusion and the time step used in the experiments presented here.
Plate-Driven Flow
The simple case where no buoyancy forces are included provides an introduction to the cases that follow. With only the plates driving flow the pattern of circulation is simple "corner flow," which can be obtained analytically. This case also illustrates the problem discussed in section 1, wherein a broad, slow upwelling gives rise to a broad zone of crustal formation. parameter, has two effects. First, because the rate of melting is higher, the porosities throughout the partially molten region become higher. This increases the permeability and allows the liquid to escape more quickly. Second, liquid is advected away from the ridge axis more rapidly, so the zone of crustal formation is spread away from the axis.
Conversely, decreasing the spreading velocity reduces the porosities and reduces the lateral advection of liquid. However, while the zone of crustal formation can be spread away from the ridge, it can never become more focussed than the underlying distribution of melting.
Note that changing the nondimensional spreading velocity can be interpreted in two ways. It may represent a change in the spreading velocity Vs, or a change in dimensional velocity scale u0. Since the velocity scale is proportional to the reference permeability k0, the above comments for higher and lower spreading velocities also describe the consequences of lower and higher k o, respectively.
With The quadratic dependence in (11) constrains Z, ot to be close to 60 km, if zc = 6 km and R = 0.33% km -•.
Flow Driven by Plates and Buoyancy
The distribution of buoyancy for the case shown in Figure  3 , while not used in the calculation, would be laterally nonuniform because of the distribution of porosity. This distribution of buoyancy would therefore modify the pattern of plate-driven flow, tending to increase the upwelling velocity beneath the ridge. Note that initially, the distribution of buoyancy due to the degree of melting would be laterally uniform and would not modify the flow.
The increased upwelling velocity close to the ridge must result in a component of downward return flow nearby. Since the scale length of the lateral variations in porosity in Figure 3 is Z, ot, the downward return flow must be at approximately this distance from the ridge. Viewing the system on a scale much larger than Zsot, the pattern of flow must still be that of plate-driven corner flow. Our initial However, the variation in density of the solid with the degree of melting now becomes important. This is the central idea in this paper. The downward return flow will force the residual mantle down toward the denser unmelted mantle. Also, the residual material will be juxtaposed with material in the upwelling that has a lower degree of melting, and hence a greater solid density. The residual material will resist the downward motion and reduce the relative buoyancy of the upwelling. The pattern of flow will now be determined by the plate, the distribution of porosity, and the distribution of the degree of melting. Figure 4 shows the resulting steady state for three values of the scaled spreading velocity. The effect of adding the buoyancy forces is to laterally confine the upwelling above the solidus, particularly at the lower spreading velocities. The confinement is achieved by a step in the buoyancy of the solid, where the residue of melting is forced down by the buoyancy in the upwelling. Note that in Figure 3 , the region that is partially molten extends across the entire frame. In Figure 4 , the downward return flow freezes any liquid that has not escaped. After the liquid has frozen, the contours of the degree of melting parallel the streamlines.
As expected, the effect of adding buoyancy forces becomes less important as the spreading velocity increases. While the zone of crustal formation is convincingly confined in Figures 4a and 4b , it is as broad in Figure 4c as it is in Figure 3 . Note that the profiles of the rate of eruption above each frame are scaled to a fixed maximum amplitude. The area under the profiles does not represent the total amount of crust produced, which is very similar in all three cases. In fact, slightly more crust is produced in Figure 4a because the mean degree of melting in the residual mantle is higher.
The Effects of Reduction in Viscosity and Permeability
There are good grounds to suppose that the solid-state viscosity of the mantle is reduced when it is partially molten [Cooper and Kohlstedt, 1984 ]. In our model, this will result in a reduced viscosity of the material in the upwelling. The upwelling will therefore be faster for a given buoyancy and will generate more downward return flow. As shown in Figure 5b , the net effect is to exaggerate the confinement of the upwelling. In this case, the viscosity in the partially molten region is reduced by a factor of 5 from the viscosity elsewhere. An accompanying effect is the increase of the porosity in the upwelling.
The permeability is the least well-constrained quantity in this model. To illustrate the effect of varying the reference permeability k o, Figure 5c shows the effect of a reduction by a factor of 3. This reduces the velocity scale u o, so to simulate the same real spreading velocity used in Figures 5a and  5b , we have increased the nondimensional spreading velocity. The reduced permeability increases the porosity in the upwelling and exaggerates the narrowing of the lower part of upwelling. However, the liquid escapes slowly from the upper part of the upwelling and is therefore transported laterally by advection.
The Breakdown of Steady State at Low Spreading Velocities
The sequence of cases shown in Figure 4 poses the question of how the system behaves at lower spreading velocities. The suggestion is that even greater confinement of the upwelling than that in Figure 4a might be expected. Instead, we find that a steady state cannot be achieved at lower spreading velocities. The experiment shown in Figure  6 is the same as that shown in Figure 4a , but with the scaled spreading velocity V reduced from 0.003 to 0.0025. The behavior we find is episodic, with bursts of rapid upwelling and melting interspersed by periods of slow flow with little or no melting. In the following section we develop an understanding of this interesting transition from steady to episodic behavior.
ANALYSIS
The analysis outlined here and detailed in the appendices is guided closely by the numerical experiments described above. It is ad hoc in that no consistent analytic solution to the governing equations is obtained, but it has improved our understanding of the balance of buoyancy forces in the system. The most interesting result is that the reason for the transition between steady state and episodic behavior can be qualitatively identified.
Outline of Analysis
Consider the geometry shown in Figure 7 . In section A. 1 we investigate the dependence of the density of the upwelling, and of the "walls" of residual material on either side, on the spreading velocity. This leads to an approximate relationship between the width of upwelling x• and the spreading velocity In section A.2 we analyze the stability of (All) using two approaches. The first approach suggests that the large x branch is unstable due to "porosity runaway," i.e., unchecked increase in the porosity and buoyancy of the upwelling. The second approach suggests that the balance between the density of the upwelling and the density of the walls cannot be maintained at low spreading rates, because it takes too long for residual material to be transported from the upwelling to the walls. Specifically, the equilibration time for the density of the walls is r• = Z,ot/V•. In Figure 8 we indicate a critical spreading velocity V•, which is estimated through a mathematical analysis of this delayed feedback. At higher spreading velocities a stable steady state should exist. At lower velocities, "oscillation of densities" in the upwelling and walls prevents the development of a steady state.
Comparison with Numerical Experiments
The values of the various material properties stated in section 2 are reiterated below. Petrological model and densities. An important input to our model is the assertion that the density of the solid residue of partial melting is lower than the unmelted mantle.
This difference results in the lateral confinement of the upwelling. If the parental material were a plagioclase lherzolite, rather than a garnet or spinel lherzolite, the harzburgite residue would be more, instead of less, dense. In the Earth, the phase transition to plagioclase lherzolite on a mantle adiabat occurs at about 8 kbar (25 km), well above the depth to the solidus that we have assumed. We have performed experiments which include the changes in the density structure due to this effect, and find that it makes very little difference. The effect of the changes is small because of the proximity of the material affected to the upper boundary; since there is no vertical flow through the boundary, density anomalies close to the boundary drive very little flow. We speculate that in a planet where the solid densities have a different relationship, a radically different pattern of igneous activity would be expected.
Observational I•nplications
We present our fluid dynamical model as a candidate solution to the problem posed in section 1.2, i.e., why the zone of crustal formation at mid-ocean ridges is narrow.
However, other features of the model have implications for the interpretation of observations of mid-ocean ridges, and in this section we widen our view from fluid dynamics to discuss these implications. In addition to thermal isostasy, our model predicts two contributions to the topography: dynamic topography and compositional isostasy. The dynamic topography is caused by both the standard plate-driven corner flow and the flow driven by compositional buoyancy. The success of the thermal isostasy model would seem to impose rather severe constraints on the magnitude of the dynamic topography and compositional isostasy. It is our view, however, that since the parameters entering the thermal isostasy calculation have considerable uncertainty, topography due to the additional effects of the order of a kilometer does not necessarily violate the data. We also wish to point out that even the dynamic effects of corner flow, without compositional effects, may be significant.
We write the mid-ocean ridge topography h as a sum of We conclude that the consequences of our model for mid-ocean ridge topography are unlikely to be detectable in the data. Our model does not offer a direct explanation for the axial valleys at slow spreading ridges. We hesitate to embark on a treatment of the gravity field predicted by the model. At short wavelengths, it seems likely that the details of the process of igneous emplacement in the crust, which we have not addressed, will probably be more important than the deeper density anomalies in the model. At long wavelengths, the gravitational effects associated with thermal isostasy will probably obscure any signal from the density anomalies beneath the ridge. However, Hall et al. [1986] remain a subject of debate [Stolper, 1980; Presnall et al., 1979] , there is consensus that liquids were last in equilibrium with their mantle source rocks at pressures around 10 kbar or more (depths of 30 km or more). This means that the percolation process used as the sole mechanism of magma migration in our model must either become so rapid that crystal-liquid equilibrium is not maintained, or it must break down in favor of a more rapid transport process. Our model does predict quite high porosities, and consequently high rates of percolation, at depths well below the surface, e.g, in Figure 5a . Also, the combination of high porosities and high shear stresses in the rapid upwelling may encourage the mechanism of hydraulic fracture of partial melts proposed by Nicolas [1986] . Testing of this interesting but speculative inference will probably require improved understanding of the permeability and other physical properties of partial melts when subjected to shear stresses. A second, also speculative, inference relates to the interpretation of unusual rocks found on ridges in terms of multistage melting [Duncan and Green, 1980] . Our model provides a natural mechanism whereby mantle material can experience more than one cycle of melting. Material on the periphery of the upwelling may in part originate from the adjacent walls of residual material. Thermal conduction may heat this material so that it is once again hot enough to melt, contributing liquids that are different from those produced in the first cycle of melting. 
A.2. Stability Analysis
The analytic model presented above describes the interaction between several physical processes. As a consequence, there are a number of ways we can approach analyzing the stability of the solutions obtained. Here we describe two approaches that limit the regions of V(x) in which stable solutions are expected.
Porosity runaway. In this analysis we address the process by which the porosity in the upwelling adjusts toward its steady state value. To do so, we must distinguish between the actual value of porosity at a given time, designated f•, and the equilibrium value f,.
The latter is defined to be the solution to (A8), i.e., the value of f, is determined by the upwelling velocity V,`. The general theme of this analysis is that both f,` and f, can fluctuate, and that these fluctuations are coupled. For example, if •,` increases, the density of the upwelling will decrease, so we expect V,` and f, to increase. We now reexamine the equations derived above in light of the distinction between f,` and f,. 
Using (A17) and (A18), we can in turn relate 6, to 6,`. We now substitute the perturbed solutions (A16a) and (A16b) into the growth equation (A14).
Of., 2 f o 2 (5. -6,` )
Ot r
The perturbation is unstable if 6, > 6,`. This inequality means that the equilibrium porosity changes more rapidly than the the actual porosity. With some manipulation of (All), (A17) and (A18), the condition 6,` : 6, leads to the following constraint on V0 and x0. By restating this description in mathematical terms, we can demonstrate that the instability occurs below a critical value of the spreading velocity. Examining the right-hand side of (A10), we represent the delay described above through a retarded value of x in the solid density term. This leads to the following modified form of (All).
(1 -ß ) -+ -) = 0 wherex t ( t ) = x ( t -r• ).
Consider a trial solution that fluctuates about the steady solution x0 obtained when the retardation effect is neglected:
x(t)----x0(1 + 8sincat eSt)
We expect that the most destabilizing value of ca will place the fluctuations in the density of the walls exactly out of phase with the fluctuations of density in the upwelling, i.e., w%--•r. In this case, the density of the upwelling is minimum when the density of the walls is maximum, and vice versa. The retarded value of x is then given by 
